Drug use is provoked by the presentation of drug-associated cues, even following long periods of abstinence. Disruption of these learned associations would therefore limit relapse susceptibility. Drug-associated memories are susceptible to long-term disruption during retrieval and shortly after, during memory reconsolidation. Recent evidence reveals that retrieval and reconsolidation are dependent on ␤-adrenergic receptor (␤-AR) activation. Despite this, whether retrieval and reconsolidation are dependent on identical or distinct neural mechanisms is unknown. The prelimbic medial prefrontal cortex (PL-mPFC) and basolateral amygdala (BLA) have been implicated in the expression and reconsolidation of associative memories. Therefore, we investigated the necessity of ␤-AR activation within the PL-mPFC and BLA for cocaine-associated memory retrieval and reconsolidation in rats. Before or immediately after a cocaineinduced conditioned place preference (CPP) retrieval trial, ␤-AR antagonists were infused into the PL-mPFC or BLA, followed by daily testing. PL-mPFC infusions before, but not after, a CPP trial disrupted CPP memory retrieval and induced a persistent deficit in retrieval during subsequent trials. In contrast, BLA ␤-AR blockade had no effect on initial CPP memory retrieval, but prevented CPP expression during subsequent trials indicative of reconsolidation disruption. Our results reveal a distinct dissociation between the neural mechanisms required for cocaine-associated memory retrieval and reconsolidation. Using patch-clamp electrophysiology, we also show that application of a ␤-AR antagonist prevents norepinephrine-induced potentiation of PL-mPFC pyramidal cell and ␥-aminobutyric-acid (GABA) interneuron excitability. Thus, targeted ␤-AR blockade could induce long-term deficits in drug-associated memory retrieval by reducing neuronal excitability, providing a novel method of preventing cue-elicited drug seeking and relapse.
Introduction
Drug-associated cues evoke craving and relapse in addicts (Childress et al., 1986; Heather et al., 1991) , and disrupting these associations would limit relapse susceptibility. Drug-associated memories are susceptible to persistent disruption during retrieval and shortly after, during memory reconsolidation. Reconsolidation is the process by which a retrieved memory enters a labile state and is subsequently restabilized (Nader et al., 2000) . Recent evidence demonstrates that ␤-adrenergic receptor (␤-AR) signaling is required for both drug-associated memory retrieval and reconsolidation, as disruption of this signaling during retrieval or reconsolidation impairs cue-induced drug seeking and prevents reinstatement (Fricks-Gleason and Marshall, 2008; Milton et al., 2008a; Otis and Mueller, 2011) . Despite this requirement of ␤-ARs in retrieval and reconsolidation of drug-associated memories, whether these processes depend on similar or distinct neurobiology is unknown.
The prelimbic medial prefrontal cortex (PL-mPFC) and basolateral amygdala (BLA) have been implicated in the behavioral expression of memories. As behavioral expression of memory is dependent on memory retrieval, the PL-mPFC and BLA are promising candidates for drug-associated memory retrieval. The PL-mPFC and BLA are engaged by exposure to drug-associated cues in both rodents (Miller and Marshall, 2004, 2005) and human addicts (Childress et al., 2008; Goudriaan et al., 2010) , and the intensity of prefrontal and amygdala activation positively correlates with reported drug cravings (Grant et al., 1996; Kilts et al., 2001) . Activation of the PL-mPFC is necessary for expression of associative memories (Corcoran and Quirk, 2007) , including cue-induced drug seeking (Hiranita et al., 2006; Han et al., 2010) . BLA inactivation prevents expression of conditioned place preference (CPP) and cue-induced reinstatement of cocaine selfadministration (Brown and Fibiger, 1993; Grimm and See, 2000) , and BLA ␤-AR blockade prevents CPP memory reconsolidation (Bernardi et al., 2009) . Whether these structures mediate retrieval and reconsolidation of drug-associated memories, and whether they do so distinctly or in concert, however, remain unknown. Neurons within these regions receive noradrenergic input from the locus ceruleus (Loughlin et al., 1982) . Thus, ␤-AR activation within PL-mPFC and BLA may be critical for drug-associated memory retrieval and reconsolidation.
We determined the necessity of PL-mPFC and BLA ␤-ARs for retrieval and reconsolidation of a cocaine-associated CPP memory by infusing ␤-AR antagonists before or after a retrieval trial. Previously, we showed that systemic ␤-AR blockade persistently disrupts CPP memory retrieval, allowing for differentiation between behavioral expression within a trial and memory retrieval across trials (Otis and Mueller, 2011) . Therefore, following the infusion trial rats were given infusion-free CPP retrieval trials to differentiate between persistent effects of the infusion on memory retrieval or reconsolidation and acute effects of the infusion on behavioral expression of the CPP. Additionally, we used whole-cell patch-clamp recordings to investigate the physiological consequences of ␤-AR blockade on intrinsic excitability of PL-mPFC pyramidal cells and ␥-aminobutyric-acid (GABA) interneurons following norepinephrine (NE) application. Our results reveal a structural dissociation between retrieval and reconsolidation, and demonstrate that disruption of either memory process with ␤-AR antagonists provokes long-lasting impairments in drug seeking.
Materials and Methods
Subjects and surgery. Male Long-Evans rats aged 3-5 months weighing 300 -325 g were individually housed in clear plastic cages. Rats were maintained on a 14/10 h light/dark cycle (lights on at 0700), during which they had both water and standard laboratory rat chow ad libitum (Harlan Laboratories). Rats were weighed and handled daily for 3 d before surgery. All experimental protocols were approved by the Institutional Animal Care and Use Committee at the University of Wisconsin-Milwaukee in accordance with National Institutes of Health guidelines.
Rats were anesthetized with ketamine/xylazine (90 mg/kg, 10.5 mg/kg, i.p.), and implanted with a 26 gauge double-barrel guide cannula (Plastics One) aimed at the PL-mPFC (anteroposterior, AP: ϩ2.8; mediolateral; ML: Ϯ0.6; dorsoventral, DV: Ϫ2.9 mm relative to bregma) or two single-barrel guide cannulae aimed at the BLA (AP, Ϫ2.8; ML, Ϯ5.0; DV, Ϫ8.1 mm relative to bregma). Guide cannulae were fixed to the skull with three stainless steel skull screws and grip cement. Stylets were inserted into the guide cannulae to maintain patency until infusions were made. Following surgery, rats were injected with an antibiotic (75,000 U in 0.25 ml, s.c.) and an analgesic (carprofen, 5.0 mg in 0.1 ml, s.c.). Rats were then allowed a minimum of 7 d to recover before behavioral testing.
Drugs. Cocaine HCl (National Institute on Drug Abuse) was dissolved in sterile 0.9% saline at a concentration of 10 mg/ml, and administered at a dose of 10 mg/kg (i.p.). The ␤-AR antagonists propranolol and nadolol (Sigma-Aldrich) were dissolved in sterile 0.9% saline at a concentration of 10 g/l and 2 g/l, respectively. Microinfusions of propranolol, nadolol, or saline into the PL-mPFC or BLA occurred at a rate of 0.3 l/side/1.5 min. These doses and rates of microinfusions were based on previous investigations using propranolol and nadolol (Murchison et al., 2004; Mueller et al., 2008) .
Place preference apparatus. Behavioral testing and conditioning were conducted as previously described (Mueller and Stewart, 2000; Otis and Mueller, 2011) . Briefly, a three-chamber apparatus was used in which two larger conditioning chambers were separated by a smaller center chamber. Rats were isolated in the larger chambers during conditioning, which had distinct walls and flooring. During baseline and postconditioning CPP trials, rats had access to the entire apparatus. Time was recorded during CPP trials with four infrared photobeams located in the larger chambers. In addition, total numbers of photobeam breaks were recorded during CPP trials to quantify locomotor activity. During all phases of the experiments the room was kept in semidarkness.
Behavioral testing and microinfusions. Baseline preferences were determined by placing the rats into the center chamber with free access to the entire apparatus for 15 min. Time spent in each chamber was recorded. As expected, rats spent an equivalent amount of time in the conditioning chambers during the baseline trial, but less time in the center chamber. ANOVA revealed a significant effect of chamber for all rats during the baseline preference trial (F (2,230) ϭ 234.18, p Ͻ 0.001), and post hoc analyses confirmed that an equivalent amount of time was spent within the conditioning chambers ( p ϭ 1.00), but less time was spent within the center chamber than in either of the conditioning chambers ( ps Ͻ 0.001). Therefore, an unbiased procedure was used, in which rats were assigned to receive cocaine in one of the two larger chambers independent of baseline preference scores in a pseudorandom fashion. Following baseline testing, rats were conditioned to associate one chamber, but not another, with cocaine in a counterbalanced fashion over 8 d. Injections of saline or cocaine were given immediately before each 20 min conditioning session, during which the rats were confined to their respective chambers. Following conditioning, all rats were adapted to microinfusion procedures. Microinfusion injector tips extended 0.5 mm past the guides for BLA microinfusions, and 1.0 mm past the guides for PL-mPFC microinfusions. To allow for microinfusion adaptation, the first day following conditioning injectors were lowered to the microinfusion site for 2 min but no drug was infused. The following day saline was infused at the same rate and volume as infused during subsequent drug manipulation. These procedures allowed for the rats to adapt to changes in cranial pressure and mechanical stimulation induced during microinfusions.
Following conditioning and microinfusion adaptation, rats were given daily CPP trials during which they were placed into the center chamber and allowed free access to the entire apparatus for 15 min. A CPP was determined when significantly more time was spent in the previously cocaine-paired chamber than in the saline-paired chamber. To identify the necessity of ␤-AR activation within the PL-mPFC and BLA for CPP memory retrieval, propranolol or saline were infused 15 min before the second CPP trial, after a CPP had previously been expressed. Moreover, to ensure that the effects of propranolol were specific to ␤-AR blockade and not due to nonspecific effects, separate groups of rats were infused with the specific ␤-AR antagonist nadolol (Goodman et al., 2001 ). Nadolol was infused 15 min before an initial CPP test, as opposed to the second test, as previous evidence suggests that ␤-AR blockade is capable of preventing retrieval during an initial CPP trial (Otis and Mueller, 2011) . Finally, to determine the necessity of PL-mPFC and BLA ␤-AR activation in drug-associated memory reconsolidation, separate rats were infused with nadolol immediately after an initial CPP trial. Following the microinfusion CPP trial, rats continued daily drug-free trials to determine whether nadolol or propranolol infusions caused persistent disruptions in CPP memory retrieval or reconsolidation. To control for possible effects of microinfusions that were independent of memory retrieval or reconsolidation, separate groups of rats were also infused with nadolol or saline in the absence of a CPP trial followed by a CPP trial the next day.
The possible aversive or appetitive effects of nadolol microinfusions were also examined. Following baseline testing, rats were conditioned to associate one chamber, but not another, with nadolol in a counterbalanced fashion over 2 d. PL-mPFC or BLA microinfusions of nadolol or saline were administered 15 min before normal conditioning sessions, in which the rats were confined to their respective chambers. Following conditioning, rats were given a normal drug-free CPP trial.
Histology. Following behavioral testing, rats were killed with an overdose of pentobarbital and transcardially perfused with 0.9% saline followed by 10% buffered formalin. Brains were then removed and stored in a 30% sucrose/formalin solution. Following brain submersion, 50 m coronal sections were stained with cresyl violet to confirm the injector tip locations. One rat was excluded from analysis due to injector tip misplacement.
Behavioral data analysis. Drug-seeking behavior during CPP trials was analyzed by comparing time spent in the previously cocaine-paired, saline-paired, and center chambers across trials and between groups using a repeated-measures ANOVA. Following a significant chamber by group interaction or chamber by group by day interaction, Tukey's HSD post hoc tests were used to compare the amount of time spent in the previously cocaine-paired versus saline-paired chambers for single or across multiple CPP trials for each group. Locomotor activity was quantified as the number of photobeam breaks during the CPP infusion trial, and analyzed using an independent-samples t test.
Patch-clamp electrophysiology. Rats aged 3-5 months were anesthetized with pentobarbital, and their brains were rapidly removed and transferred to ice-cold, oxygenated (95% O 2 /5%CO 2 ) artificial CSF (aCSF) containing the following composition (in mM): 124 NaCl, 2.8 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 26 NaHCO 3 , and 20 dextrose. Coronal slices 400 m thick were cut using a vibrating blade microtome (Leica VT1200) and allowed to recover in warm aCSF (32Ϫ35°C) for 30 min, followed by incubation in room-temperature aCSF until use in experiments. Slices were transferred to a submersion recording chamber, mounted, and perfused with warm aCSF (ϳ2 ml/min; 32°C). Pyramidal neurons with visible apical dendrites or smaller GABAergic neurons in layers II/III or V of PL-mPFC were visualized with differential interference contrast using a 60ϫ water-immersion lens on an upright Eclipse FN1 microscope (Nikon Instruments). Whole-cell patch-clamp recordings of PL-mPFC pyramidal neurons and GABAergic interneurons were obtained using fire-polished borosilicate glass pipettes (3-8 M⍀), filled with internal solution containing the following composition (in mM): 110 K-gluconate, 20 KCl, 10 HEPES, 2 MgCl 2 , 2 ATP, 0.3 GTP, 10 phosphocreatine; 0.2% biocytin, pH 7.3, and 280 mOsm. Recordings were made with a patch-clamp amplifier (MultiClamp 700B; Molecular Devices) in current-clamp mode, filtered, digitized (10 kHz), and saved using PClamp 10 (Molecular Devices).
Following 5 min of stable recording, neurons were polarized to approximately Ϫ65 mV to control for resting membrane potential variance. To measure input resistance (R N ), a series of 1 s current steps (Ϫ140 to ϩ40 pA) were applied, and the resulting voltage deflections were used to create an IV plot. Rheobase was analyzed in a subset of pyramidal neurons and in all GABAergic neurons by applying 1 s current steps with 10 pA increments until a single action potential (AP) was elicited. To measure intrinsic excitability, a 2 s depolarizing step was administered every 7.5 s and evoked APs were recorded. The level of depolarizing step was adjusted to rheobase and remained constant throughout the experiment. Baseline current steps continued for at least 10 min before bath application of propranolol (100 M) and/or NE (100 M). Following recording, brain slices were fixed in phosphate buffered formalin overnight.
Immunohistochemistry. To reveal biocytin-filled pyramidal and GABAergic neurons, brain slices were washed in filtered 0.1 M PBS, followed by 1% NaBH 4 in PBS and 10% normal goat serum (NGS). The slices were then incubated overnight with a mouse primary antibody for GAD 67 (1:1000; Millipore), which is selectively expressed in GABAergic neurons, mixed with 3% NGS, 0.2% Triton-X, and PBS. The following day, slices were washed in PBS and incubated for 2 h in a red fluorescent secondary antibody for GAD 67 (1:200; Alexa Fluor goat anti-mouse IgG) and a green fluorescent antibody for biocytin (streptavidin, 1:250; Invitrogen). Following a final wash of PBS, slices were mounted with antifade mounting medium and coverslipped. Slices were then visualized using 20ϫ magnification with green and red florescent light, providing evidence that neurons were pyramidal neurons (green label only) or GABAergic neurons (double labeled). Immunolabeling, along with morphological and electrophysiological characteristics of the neurons, confirmed that patch-clamp recordings were from either PLmPFC pyramidal neurons (control, n ϭ 4; NE, n ϭ 7; NE ϩ propranolol, n ϭ 8) or GABAergic interneurons (control, n ϭ 13; NE, n ϭ 10; NE ϩ propranolol, n ϭ 11).
Electrophysiology data analysis. Electrophysiological data were analyzed using Clampfit (Molecular Devices). To distinguish between PLmPFC pyramidal and GABAergic neurons, basic membrane properties were recorded, including input resistance (R N ) and resting membrane potential (V m ). AP properties and fast afterhyperpolarization (fAHP) were analyzed using the first AP evoked from the current trace which elicited the most APs (Santini et al., 2008) . To analyze fAHP, the voltage antipeak within 2-5 ms of the AP was compared with AP threshold (Storm, 1987; Karayannis et al., 2007) . To analyze slow afterhyperpolarization (sAHP), voltage was recorded 1 s following current offset and was subtracted from baseline voltage before current injection (Kaczorowski et al., 2012). These properties were then compared using independent samples t tests between pyramidal and GABAergic neurons.
Comparisons of basic membrane properties provided further evidence that neurons were either pyramidal or GABAergic (see Table 1 ). When compared with pyramidal neurons, GABAergic neurons had reduced AP width and AP amplitude, characteristic of other cortical GABAergic interneurons (McCormick et al., 1985; Karayannis et al., 2007) . Importantly, these neurons also had greater fAHP amplitude, but lacked sAHP (McCormick et al., 1985; Karayannis et al., 2007) , which prevented spike frequency adaptation (see Fig. 7B ). Finally, GABAergic neurons had greater R N , which may reflect their small size (McCormick et al., 1985) .
Basic measures of intrinsic excitability were also analyzed before and immediately following drug application. Finally, to analyze AP frequency, the average number of spikes for every four current pulses was plotted against time.
Results

PL-mPFC ␤-AR blockade induces a persistent deficit in retrieval of a CPP memory
We first investigated the necessity of PL-mPFC ␤-AR activation for cocaine-associated CPP memory retrieval. Bilateral PL-mPFC microinfusions of saline (n ϭ 10) or propranolol (n ϭ 8) were administered 15 min before the second CPP trial ( Fig. 1A ; PLmPFC infusion sites). Following conditioning, all rats expressed a CPP for the previously cocaine-paired chamber during the first trial. Microinfusions of propranolol, but not saline, before the second trial prevented expression of the CPP during that trial and during a subsequent propranolol-free trial (Fig. 1B) . ANOVA revealed a significant chamber by group by trial interaction (F (4,64) ϭ 3.05, p Ͻ 0.05), but no significant group by chamber effect (F (2,32) ϭ 1.66, p Ͼ 0.05). Moreover, Tukey's post hoc analyses confirmed that both groups spent more time in the previously cocaine-paired chamber than in the saline-paired chamber during the first CPP trial ( ps Ͻ 0.01), indicating that both groups expressed a CPP. Following microinfusions of propranolol or saline before the second trial, however, only saline-treated rats spent significantly more time in the cocaine-paired chamber ( post hoc p Ͻ 0.01), while propranolol-treated rats spent an equivalent amount of time in all chambers ( post hoc ps Ͼ 0.05). This persisted during a subsequent infusion-free trial (i.e., trial 3) in which saline-treated rats spent significantly more time in the cocaine-paired chamber than in the saline-paired chamber ( post hoc p Ͻ 0.05), while propranolol-treated rats spent an equivalent amount of time in the cocaine-and saline-paired chambers ( post hoc p Ͼ 0.05). The effects of propranolol were not due to nonspecific motor impairments as rats infused with saline (n ϭ 10) or propranolol (n ϭ 8) before a second CPP trial had comparable levels of photobeam breaks during that trial (t (16) ϭ 0.06, p Ͼ 0.05; Fig. 1D ). Thus, a single PL-mPFC microinfusion of propranolol induced a deficit in CPP memory retrieval, which persisted even during a subsequent drug-free trial.
At high doses, propranolol can act as a selective serotonergic receptor antagonist (Alexander and Wood, 1987) and can inhibit protein kinase C (Sozzani et al., 1992) , in addition to ␤-AR blockade. Although our dose was not expected to have these effects, we nonetheless tested the more selective ␤-AR antagonist nadolol (Goodman et al., 2001 ) to ensure the observed retrieval deficits were due to ␤-AR blockade. Rats were pretested, conditioned, and subjected to daily CPP trials. Bilateral PL-mPFC microinfusions of saline (n ϭ 7) or nadolol (n ϭ 6) were administered 15 min before the first CPP trial, as previous evidence indicates that retrieval can be prevented by administering ␤-AR antagonists systemically before an initial CPP trial (Otis and Mueller, 2011) . Rats infused with saline expressed a CPP for the previously cocaine-paired chamber during this trial and subsequent microinfusion-free trials, while rats infused with nadolol did not (Fig. 1C) . ANOVA revealed a significant chamber by group interaction (F (2,22) ϭ 7.50, p Ͻ 0.01), but no group by chamber by trial effect (F (4,44) ϭ 0.44, p Ͼ 0.05). Post hoc analyses confirmed that during the first CPP trial, following microinfusions, salinetreated rats spent significantly more time in the cocaine-paired chamber than in the saline-paired chamber ( p Ͻ 0.001), while nadolol-treated rats spent an equivalent amount of time in the cocaine-and saline-paired chambers ( p Ͼ 0.05). Thus, only saline-infused rats expressed a CPP during the first trial. During all subsequent nadolol-free trials (i.e., trials 2-3), saline-treated rats continued to express a CPP while nadolol-treated rats did not. Post hoc analyses confirmed that saline-treated rats spent significantly more time in the cocaine-paired chamber than in the saline-paired chamber during these trials overall ( p Ͻ 0.001), while nadolol-treated rats spent an equivalent amount of time in the cocaine-and saline-paired chambers ( p Ͼ 0.05). Moreover, the effects of nadolol were not due to nonspecific motor impairments as rats infused with saline (n ϭ 7) or nadolol (n ϭ 8) before an initial CPP trial had comparable levels of photobeam breaks during that trial (t (13) ϭ 0.02, p Ͼ 0.05; Fig. 1E ). Together, PLmPFC microinfusions of ␤-AR antagonists induce a persistent deficit in CPP memory retrieval when administered before an initial trial or before a second trial after a CPP has previously been expressed.
BLA ␤-AR blockade has no effect on retrieval, but prevents CPP memory reconsolidation BLA activity is necessary for expression of associative memories, including cue-induced drug seeking (Brown and Fibiger, 1993; Grimm and See, 2000; Fuchs et al., 2005) . Thus, we determined the necessity of ␤-AR activation within the BLA for cocaineassociated CPP memory retrieval. Following conditioning, rats were subjected to daily CPP trials, with bilateral BLA microinfusions of saline (n ϭ 13) or propranolol (n ϭ 9) before the second trial ( Fig. 2A ; BLA infusion sites). All rats expressed a CPP for the previously cocaine-paired chamber during the first and second trial. During a subsequent infusion-free trial, however, salinetreated rats continued to express a CPP for the previously cocaine-paired chamber while propranolol-treated rats did not (Fig. 2B) . ANOVA revealed no significant group differences (group by chamber, F (2,40) ϭ 0.79, p Ͼ 0.05; group by chamber by trial, F (4,80) ϭ 0.59, p Ͼ 0.05). However, there was a significant effect of chamber overall (F (2,40) ϭ 89.60, p Ͻ 0.001). Post hoc analysis confirmed that all rats spent significantly more time in the previously cocaine-paired chamber than in the salinepaired chamber during the first CPP trial ( p Ͻ 0.05). During the second trial, following microinfusions, both groups continued to spend more time in the previously cocaine-paired chamber than in the saline-paired chamber ( ps Ͻ 0.05). During a subsequent infusion-free CPP trial (i.e., trial 3), however, saline-treated rats but not propranolol-treated rats continued to express a CPP. Post hoc analysis confirmed that saline-treated rats spent significantly more time in the cocaine-paired chamber than in the salinepaired chamber during the infusion-free trial ( p Ͻ 0.01), while propranolol-treated rats spent an equivalent amount of time in the cocaine-and saline-paired chambers ( p Ͼ 0.05). The effect of propranolol was not due to nonspecific motor impairments as (B) propranolol before a second CPP trial or (C) nadolol before a first CPP trial, but not saline, prevented rats from expressing a CPP during that trial and subsequent infusion-free trials. PL-mPFC infusions of (D) propranolol or (E) nadolol had no effect on locomotor activity, as measured by photobeam breaks, when administered before a CPP trial. ***p Ͻ 0.001, **p Ͻ 0.01, and *p Ͻ 0.05. Error bars indicate SEM.
rats infused with propranolol (n ϭ 9) or saline (n ϭ 13) before a second CPP trial had equivalent photobeam breaks during that trial (t (20) ϭ 0.15, p Ͼ 0.05; Fig. 2D ). Together, a single BLA propranolol infusion had no effect on initial CPP memory retrieval, but prevented subsequent CPP expression indicative of reconsolidation disruption (Nader et al., 2000; Bernardi et al., 2009) . To confirm that the effects of propranolol on reconsolidation, but not retrieval, were specific to ␤-AR blockade, we infused nadolol into the BLA. Following conditioning, rats were subjected to daily CPP trials, with bilateral BLA microinfusions of saline (n ϭ 13) or nadolol (n ϭ 9) before the first trial. All rats expressed a CPP during the first CPP trial, but only saline-treated rats expressed a CPP during subsequent infusion-free trials (Fig.  2C ). ANOVA revealed a significant group by chamber effect (F (2,40) ϭ 3.48, p Ͻ 0.05), but no group by chamber by trial interaction (F (4,80) ϭ 0.56, p Ͼ 0.05). Post hoc analysis confirmed that both groups spent significantly more time in the previously cocaine-paired chamber during the first trial ( ps Ͻ 0.01), indicating that both groups expressed a CPP. During subsequent microinfusion-free trials (i.e., trials 2-3), saline-infused rats continued to spend significantly more time in the cocaine-paired chamber than in the saline-paired chamber ( post hoc p Ͻ 0.01), while nadolol-treated rats spent an equivalent amount of time in the cocaine-and saline-paired chambers ( post hoc p Ͼ 0.05). Thus, only saline-treated rats expressed a CPP during the infusion-free trials. Moreover, the effects of nadolol were not due to nonspecific motor impairments as rats infused with saline (n ϭ 13) or nadolol (n ϭ 9) before an initial CPP trial had comparable levels of photobeam breaks during that trial (t (20) ϭ 0.03, p Ͼ 0.05; Fig. 2E ). Thus, BLA microinfusions of ␤-AR antagonists had no effect on CPP memory retrieval, but likely disrupted CPP memory reconsolidation.
PL-mPFC ␤-AR blockade has no effect on reconsolidation of a CPP memory
No published investigations to date have examined the necessity of the PL-mPFC in drug-associated memory reconsolidation. Moreover, whether retrieval and reconsolidation of drugassociated memories are dependent on identical or distinct neurobiological mechanisms is unknown. Thus, we determined the necessity of ␤-AR activation within the PL-mPFC after retrieval for cocaine-associated CPP memory reconsolidation. Following conditioning, rats were subjected to daily CPP trials, with bilateral PL-mPFC microinfusions of saline (n ϭ 9) or nadolol (n ϭ 10) immediately after the first trial ( Fig. 3A ; PL-mPFC infusion sites). All rats expressed a CPP during the initial CPP trial and during subsequent drug-free trials (Fig. 3B) . ANOVA revealed no significant group differences (group by chamber, F (2,34) ϭ 0.79, p Ͼ 0.05; group by chamber by trial, F (4,68) ϭ 0.34, p Ͼ 0.05), but indicated a significant effect of chamber overall (F (2,34) ϭ 73.12; p Ͻ 0.001). Post hoc analysis confirmed that both saline-and nadolol-treated rats spent more time in the previously cocaine-paired chamber than in the saline-paired chamber during the first trial ( ps Ͻ 0.001), and during the second and third trials overall ( ps Ͻ 0.05). Thus, both groups expressed a CPP before and following PL-mPFC microinfusions, demonstrating that ␤-ARs within the PLmPFC are not involved in CPP memory reconsolidation.
BLA ␤-AR blockade prevents reconsolidation of a CPP memory
We next directly investigated the necessity of BLA ␤-ARs for cocaine-associated memory reconsolidation. Following conditioning, rats were subjected to daily CPP trials, with bilateral BLA microinfusions of saline (n ϭ 13) or nadolol (n ϭ 10) immediately after the first trial ( Fig. 3C ; BLA infusion sites). All rats expressed a CPP Figure 2 . ␤-AR blockade in BLA has no effect on CPP memory retrieval. A, Coronal drawings (bregma, Ϫ2.76 mm) showing injector tip placements for BLA infusions. BLA infusions (arrows) of (B) propranolol before a second CPP trial or (C) nadolol before a first CPP trial, but not saline, had no effect on CPP expression during the infusion trial, but prevented CPP expression during subsequent infusion-free trials. BLA infusions of (D) propranolol or (E) nadolol had no effect on locomotor activity, as measured by photobeam breaks, when administered before a CPP trial. ***p Ͻ 0.001, **p Ͻ 0.01, and *p Ͻ 0.05. Error bars indicate SEM.
during the first trial before microinfusions. During subsequent trials, however, salinetreated rats continued to express a CPP for the previously cocaine-paired chamber, while nadolol-treated rats did not (Fig. 3D) . ANOVA revealed a significant group by chamber effect (F (2,42) ϭ 10.29, p Ͻ 0.001), but no group by chamber by trial interaction (F (4,84) ϭ 1.86, p Ͼ 0.05). Post hoc analysis confirmed that both groups spent significantly more time in the previously cocaine-paired than in the saline-paired chamber during the first trial (ps Յ 0.001). However, while saline-treated rats continued to spend significantly more time in the previously cocaine-paired chamber than in the saline-paired chamber during subsequent infusion-free trials (i.e., trials 2-3), nadolol-treated rats did not (saline, post hoc p Ͻ 0.001; nadolol, post hoc p Ͼ 0.05). Thus, only saline-treated rats expressed a CPP following BLA microinfusions. Together, these data are consistent with the conclusion that BLA ␤-AR blockade prevents CPP memory reconsolidation.
PL-mPFC and BLA ␤-AR blockade has no effect on CPP expression in the absence of retrieval
The long-term effects of PL-mPFC or BLA ␤-AR blockade on CPP expression could be due to effects that are nonspecific to memory retrieval. To control for this, we first assessed the effects of PL-mPFC ␤-AR blockade in the absence of a CPP retrieval trial. Following conditioning, bilateral PL-mPFC microinfusions of saline (n ϭ 12) or nadolol (n ϭ 12) were administered in the absence of testing, followed by a CPP retrieval trial 24 h later. All rats expressed a CPP during this trial (Fig. 4) . ANOVA revealed no group by chamber difference (F (2,44) ϭ 0.48, p Ͼ 0.05), but indicated a significant effect of chamber overall (F (2,44) ϭ 74.78; p Ͻ 0.001). Post hoc analysis confirmed that both saline-and nadolol-treated rats spent more time in the previously cocainepaired chamber during the CPP trial ( ps Ͻ 0.001). Thus, PLmPFC microinfusions of nadolol had no effect on CPP expression in the absence of memory retrieval.
We next determined the effects of BLA ␤-AR blockade in the absence of CPP memory retrieval. Following conditioning, bilateral BLA microinfusions of saline (n ϭ 11) or nadolol (n ϭ 12) were administered in the absence of testing, followed by a CPP retrieval trial 24 h later. All rats expressed a CPP during this trial (Fig. 4) . ANOVA revealed no group by chamber differences (F (2,42) ϭ 0.73, p Ͼ 0.05), but indicated a significant effect of chamber overall (F (2,42) ϭ 83.62; p Ͻ 0.001). Post hoc analysis confirmed that both saline-and nadolol-treated rats spent more time in the previously cocaine-paired chamber during the CPP trial (ps Ͻ 0.001). Thus, BLA microinfusions of nadolol in the absence of a retrieval trial had no effect on subsequent CPP expression.
PL-mPFC and BLA ␤-AR blockade is not aversive or appetitive
We next examined whether PL-mPFC or BLA microinfusions of nadolol itself induced an affective state, which could have influenced CPP expression. Rats were conditioned to associate one chamber, but not another, with PL-mPFC microinfusions of nadolol (n ϭ 12).
PL-mPFC nadolol microinfusions had no effect on time spent in the conditioning chambers during a subsequent drug-free CPP trial (Fig. 5) . ANOVA indicated an effect of chamber during this trial (F (2,22) ϭ 12.56, p Ͻ 0.001), although post hoc analysis confirmed that an equivalent amount of time was spent within the previously cocaine-and saline-paired chambers (p Ͼ 0.05). Thus, PL-mPFC . ␤-AR blockade in PL-mPFC or BLA has no effect on CPP expression in the absence of retrieval. PL-mPFC (left) or BLA (right) infusions of nadolol 24 h before a CPP trial had no effect on CPP expression. ***p Ͻ 0.001, **p Ͻ 0.01. Error bars indicate SEM.
microinfusions of nadolol did not induce an affective state sufficient to induce a CPP or aversion. Next, we conditioned rats to associate one chamber, but not another, with BLA microinfusions of nadolol (n ϭ 11). BLA nadolol microinfusions did not alter the amount of time spent within either conditioning chamber (Fig. 5) . ANOVA indicated an effect of chamber during the CPP trial (F (2,20) ϭ 7.40, p Ͻ 0.01). However, post hoc analysis confirmed that an equivalent amount of time was spent within the previously nadolol-and salinepaired chamber (p Ͼ 0.05). Thus, neither PL-mPFC nor BLA microinfusions of nadolol induced a CPP or aversion.
␤-AR blockade prevents NE-induced potentiation of PL-mPFC pyramidal neuron excitability
Intrinsic excitability of hippocampal, amygdalar, and cortical pyramidal neurons is potentiated by ␤-AR activation (Pedarzani and Storm, 1993; Brosh et al., 2006; Barth et al., 2007; Abraham et al., 2008; Mueller et al., 2008) , offering a potential mechanism by which ␤-ARs mediate retrieval and reconsolidation. Whether ␤-AR blockade prevents NE-induced enhancement of intrinsic excitability in PL-mPFC pyramidal neurons, however, is unknown. To investigate this, we used patch-clamp electrophysiology to record APs evoked by brief current pulses in PL-mPFC pyramidal neurons (Fig. 6A) . NE (100 M) increased the number of evoked APs (Fig. 6B) . The effect of NE was blocked by bath application of propranolol (Fig.  6C) , indicating that ␤-AR blockade prevents NE-induced potentiation of PL-mPFC neuron excitability. Comparing neurons treated with NE, NE ϩ propranolol, and no drug controls, ANOVA revealed an effect of time (F (11,176) ϭ 12.86, p Ͻ 0.001) and a treatment by time interaction (F (22,176) ϭ 14.79, p Ͻ 0.001). Post hoc tests confirmed that NE significantly increased the number of APs compared with NE ϩ propranolol-treated (p Ͻ 0.001) and no drug control neurons (p Ͻ 0.001). Moreover, NE caused membrane depolarization, decreased rheobase, and reduced AP latency (Table 2) , also indicative of increased excitability. These changes were not present in NE ϩ propranololtreated pyramidal neurons. Thus, NEinduced potentiation of intrinsic excitability was blocked by propranolol. Finally, although NE had no effect on fAHP in pyramidal neurons, NE transformed the sAHP to a slow afterdepolarization (Fig. 6D) . As the sAHP limits AP frequency (Wu et al., 2004) , reversal of the sAHP is a likely mechanism by which ␤-AR activation enhances the number of evoked APs. Consistent with this, propranolol prevented NE from reversing the sAHP (Fig. 6E ).
␤-AR blockade prevents NE-induced potentiation of PL-mPFC GABAergic neuron excitability
Although the primary output neurons of the PL-mPFC are pyramidal neurons, these neurons function within a network of GABAergic interneurons. Thus, we also assessed the effect of NE and ␤-AR blockade on intrinsic excitability of PL-mPFC GABAergic neurons. GABAergic neurons were identified by morphology (lack of apical dendrite), electrophysiological characteristics (Table 1) , and by streptavidin and GAD 67 coimmunoreactivity (Fig. 7A) . Similar to the effects of NE on pyramidal neurons, NE (100 M) increased the number of evoked APs (Fig. 7B ). In contrast, the effect of NE was impaired by coapplication of pro- Figure 6 . ␤-AR blockade prevents NE-induced potentiation of PL-mPFC neuronal intrinsic excitability. A, Photomicrograph of a biocytin-filled pyramidal neuron. B, Individual traces of current-evoked APs from a PL-mPFC pyramidal neuron before and after NE application. C, ␤-AR blockade prevents NE-induced increases in AP frequency. D, Grouped traces revealing that NE transformed the sAHP to a sADP. E, ␤-AR blockade prevents NE-induced reversal of the sAHP. *p Ͻ 0.05; Prop, propranolol. Error bars indicate SEM. pranolol (Fig. 7C) , indicating that ␤-AR blockade prevents NEinduced potentiation of PL-mPFC neuron excitability. Comparing GABAergic neurons treated with NE, NE ϩ propranolol, and no drug controls, ANOVA revealed an effect of time (F( 11,341 ) ϭ 15.06, p Ͻ 0.001) and a treatment by time interaction (F (22,341) ϭ 8.19, p Ͻ 0.001). Post hoc tests confirmed that NE significantly increased the number of APs compared with NE ϩ propranolol-treated (p Ͻ 0.001) and no drug control neurons (p Ͻ 0.01). Moreover, NE caused membrane depolarization, decreased rheobase, and reduced AP latency (Table 3) , also indicative of increased excitability. However, propranolol treatment affected only rheobase without affecting membrane depolarization or reduced AP latency. Overall, NE-induced potentiation of GABAergic neuron excitability was blocked by propranolol. In contrast to pyramidal neurons, NE had no effect on the sAHP of GABAergic neurons, which is consistent with the idea that these neurons lack a sAHP (present findings; McCormick et al., 1985) . However, NE reduced the amplitude of the fAHP in GABAergic neurons (Fig. 7D ), an effect that was also blocked by propranolol (Fig. 7E) . Thus, NE may potentiate the neuronal excitability of GABAergic neurons by reducing the fAHP.
Discussion
We demonstrate that cocaine-associated memory retrieval and reconsolidation are dependent on distinct neural mechanisms. PL-mPFC ␤-AR blockade induced a longterm deficit in cocaine-associated memory expression when administered before, but not after, a CPP retrieval trial. In contrast, while BLA ␤-AR blockade had no effect on initial CPP expression, BLA ␤-AR blockade before or immediately after a retrieval trial prevented CPP expression during subsequent trials. Thus, ␤-ARs within PL-mPFC are necessary for cocaine-associated memory retrieval but not reconsolidation, whereas ␤-ARs within BLA are necessary for cocaine-associated memory reconsolidation but not retrieval. Moreover, we found that ␤-AR blockade prevents potentiation of neuronal excitability by NE in both PLmPFC pyramidal and GABAergic neurons. Thus, ␤-AR-dependent modulation of neuronal excitability may be critical for cocaineassociated memory retrieval. These findings are the first to dissociate the neural mechanisms of drug-associated memory retrieval and reconsolidation, and offer a potential mechanism by which persistent retrieval deficits are induced. Our findings are consistent with evidence demonstrating that PL-mPFC is critical for expression of associative memories. PLmPFC inactivation blocks expression of conditioned fear (Corcoran and Quirk, 2007) and cue-driven cocaine seeking (Hiranita et al., 2006) , and PL-mPFC becomes active during drugassociated cue exposure (Miller and Marshall, 2004, 2005) . Moreover, selective noradrenergic lesions in mPFC before conditioning prevent drug seeking (Ventura et al., 2003 (Ventura et al., , 2007 . Despite evidence that PL-mPFC drives behavioral expression of memories and drug seeking (for review, see Peters et al., 2009) , our results are the first to reveal that disruption of PL-mPFC activity induces lasting disruptions in memory retrieval. We previously reported that systemically administered propranolol in- Figure 7 . ␤-AR blockade prevents NE-induced potentiation of PL-mPFC GABAergic neuronal intrinsic excitability. A, Photomicrographs of a biocytin-filled PL-mPFC GABAergic neuron (left) and immunolabeled GAD 67 neurons (middle; black arrowhead), which overlap (right). B, Individual traces of current-evoked APs from a PL-mPFC GABAergic neuron before and after NE application. C, ␤-AR blockade prevents NE-induced increases in AP frequency. D, Grouped traces revealing that NE reduced the fAHP. E, ␤-AR blockade prevents NE-induced reductions of the fAHP. **p Ͻ 0.01; Prop, propranolol. Error bars indicate SEM. duces persistent deficits in cocaine-associated memory retrieval, an effect that is persistent and prevents subsequent cocaineinduced reinstatement (Otis and Mueller, 2011) . Similarly, a recent study found a sustained reduction in retrieval of emotional words in humans following propranolol administration (Kroes et al., 2010) . This converging evidence in rodents and humans supports our conclusion that ␤-AR blockade induces persistent deficits in retrieval, and that this effect is dependent on PL-mPFC ␤-ARs. Exposure to previously cocaine-or shock-paired conditioned stimuli activates markers associated with protein synthesis within PL-mPFC, including immediate early genes (e.g., Arc and c-fos), CaMKII, and CREB (Ciccocioppo et al., 2001; Miller and Marshall, 2004; Mamiya et al., 2009) . These alterations correspond with those known to be required for memory reconsolidation in other brain regions (Milton et al., 2008b; Mamiya et al., 2009; Maddox and Schafe, 2011; Tronson et al., 2012) , indicating that PL-mPFC protein synthesis may be involved in memory reconsolidation. However, PL-mPFC protein synthesis inhibition has no effect on reconsolidation of recent or remote fear memories (Blum et al., 2006) . Considering that ␤-AR activation induces protein synthesis via PKA signaling cascades (Seeds and Gilman, 1971; Pedarzani and Storm, 1993; Mayr and Montminy, 2001; Mueller and Cahill, 2010) , our data indicate that PL-mPFC ␤-AR-dependent protein synthesis is not required for memory reconsolidation. The specific ␤-AR-dependent modifications that mediate maintenance of drug-associated memory retrieval, however, are unknown.
We found that BLA ␤-AR activity is not required for drugassociated memory retrieval, although evidence suggests that BLA is necessary for expression and reconsolidation of associative memories. The BLA mediates cue-induced drug seeking (Brown and Fibiger, 1993; Grimm and See, 2000) , and becomes active upon exposure to drug-associated cues in both rats (Miller and Marshall, 2004) and humans (Grant et al., 1996) . In the BLA, however, protein kinase A (PKA; which is downstream of ␤-ARs) (Pedarzani and Storm, 1993; Raman et al., 1996) is not required for CPP expression (Lai et al., 2008) . Thus, BLA ␤-adrenergic signaling is not required for CPP memory retrieval. In contrast, BLA ␤-AR activation has been implicated in memory reconsolidation. For example, inhibition of the transcription factor Zif268 within the amygdala reduces cue-induced cocaine seeking and relapse, cue-induced fear, and eliminates the conditioned reinforcing properties of cocaine-related cues (Lee et al., 2005 . Importantly, BLA infusions of propranolol or a PKA inhibitor following exposure to a retrieval cue prevent subsequent expression of both fear-and cocaine-associated memories (Debiec and Ledoux, 2004; Tronson et al., 2006; Bernardi et al., 2009; Sanchez et al., 2010; Wu et al., 2012) . These findings support our conclusion that BLA ␤-AR signaling is necessary for drug-associated memory reconsolidation, but not retrieval. Whether retrieval is dependent on BLA activity that is independent of ␤-ARs, however, remains unknown.
Our results reveal that ␤-AR blockade prevents NE-induced potentiation of intrinsic excitability in PL-mPFC pyramidal neurons by preventing NE-induced sAHP reversal. These findings parallel those from hippocampal and infralimbic pyramidal neurons, which demonstrate that inhibition of ␤-ARs or downstream signaling cascades prevents NE-induced reductions in spike-frequency adaptation (Madison and Nicoll, 1982 ; Pedarzani and Storm, 1993), and NE-induced reductions in sAHP amplitude and duration (Madison and Nicoll, 1986a,b; Pedarzani and Storm, 1993; Mueller et al., 2008) . Similarly, we found that propranolol prevents NE-induced potentiation of GABAergic neuron excitability. These effects were likely due to reduction in the amplitude of fAHP, but not sAHP. This is consistent with our results demonstrating that PL-mPFC GABAergic neurons lack a sAHP, but have enhanced fAHP (McCormick et al., 1985; Karayannis et al., 2007) . Thus, stimulation of ␤-adrenergic signaling by NE enhances excitability of PL-mPFC pyramidal and GABAergic neurons by reducing the sAHP and fAHP, respectively. These data suggest that cocaine-associated cues evoke PL-mPFC neuronal excitation, and that this underlies cocaine-associated memory retrieval by selectively enhancing evoked firing while simultaneously reducing spontaneous firing.
Our findings that NE-enhanced intrinsic excitability of PLmPFC neurons is dependent on ␤-ARs complement previous work showing that ␤-ARs regulate mPFC synaptic activity. ␤-AR activation enhances excitatory currents within mPFC, effects which are inhibited by propranolol, PKA inhibition, or MAPK inhibition (Huang and Hsu, 2006; Ji et al., 2008) . These potentiated currents result from enhancement of both postsynaptic NMDA receptor activity and presynaptic non-NMDA receptor activity (Ji et al., 2008) . ␤-AR activation also restores spike-timing-dependent potentiation of synapses within mPFC, likely through inhibition of the sAHP (Zaitsev and Anwyl, 2012) . Thus, ␤-AR activation within mPFC enhances basal excitatory synaptic transmission and increases the probability of long-term synaptic plasticity. Together, the shortand long-term effects of ␤-AR blockade on CPP memory retrieval are likely mediated by inhibition of NE-enhanced intrinsic excitability and synaptic potentiation.
Although retrieval and reconsolidation are dependent on distinct neural mechanisms, retrieval is necessary for successful reconsolidation. The BLA becomes active during drug-associated cue presentation (Ciccocioppo et al., 2001; Miller and Marshall, 2005; Childress et al., 2008; Goudriaan et al., 2010) , and this activity is necessary for both cue-induced drug seeking (Fuchs et al., 2005; McDonald et al., 2010) and the initiation of memory reconsolidation (Kim et al., 2010; McDonald et al., 2010) . In parallel, cue-induced ␤-AR activation within PL-mPFC induces memory retrieval (as described above) and could provide feedback to the BLA, restabilizing the memory via induction of protein synthesis and synaptic plasticity (Nader et al., 2000; Doyère et al., 2007) . This interpretation is consistent with data revealing that the hippocampus and amygdala interact to mediate memory reconsolidation in both cocaine-self administration and contextual fear paradigms (Debiec et al., 2002; Wells et al., 2011) . However, this interpretation is inconsistent with data showing that BLA-projecting PL-mPFC neurons are not active following CPP expression (Miller and Marshall, 2005) . Rather, PL-mPFCprojecting BLA neurons become active (Miller and Marshall, 2005) , indicating that PL-mPFC activity is downstream, not upstream, of BLA activity following drug-associated cue exposure. Despite this, it is possible that ␤-AR-dependent PL-mPFC activation stabilizes memory reconsolidation through a multisynaptic connection.
The possibility that PL-mPFC and BLA ␤-AR blockade facilitated extinction, rather than impaired memory retrieval and reconsolidation, cannot be completely ruled out. This is unlikely, however, given that NE enhances, rather than impedes, memory formation and extinction through ␤-AR activation (McGaugh, 2000; Mueller and Cahill, 2010) . Furthermore, research has demonstrated that ␤-AR blockade impairs extinction (for review, see Mueller and Cahill, 2010) across multiple memory paradigms (Merlo and Izquierdo, 1967; LaLumiere and Kalivas, 2008; Mueller et al., 2008; Do-Monte et al., 2010) .
Drug-associated cues evoke cravings and drug seeking in addicts, and disruption of these associations would therefore limit relapse susceptibility. Rehabilitation programs using exposure therapy, in which recovering addicts are presented with drugassociated cues in the absence of drug reinforcement, have had limited success in the absence of pharmacological adjuncts (O'Brien et al., 1990; Conklin and Tiffany, 2002) . However, there are currently no FDA-approved pharmacological adjuvants to exposure therapy for the treatment of addiction. Our findings suggest that targeting drug-associated memories, through ␤-AR blockade, would limit relapse susceptibility by provoking sustained reductions in drug-associated memory retrieval or reconsolidation. In support of this, clinical studies have demonstrated that treating human addicts with the NE inhibitor disulfiram (Carroll et al., 1998 (Carroll et al., , 2004 George et al., 2000; Petrakis et al., 2000) or ␤-AR antagonist propranolol (Kampman et al., 2001 (Kampman et al., , 2006 improves treatment retention in the absence of exposure therapy. These findings could be due to disruption of drug-associated memory retrieval or reconsolidation, preventing cue-induced craving and relapse. Together, coupling exposure therapy with ␤-AR antagonists may cause a powerful disruption in drugassociated memories, providing a novel method of preventing cue-induced relapse long after treatment.
